ABSTRACT-We investigated therapeutic effects of a rapid-and short-acting non-sulfonylurea hypoglycemic agent, calcium (2S)-2-benzyl-3-(cis-hexahydro-2-isoindolinylcarbonyl)propionate dihydrate (KAD-1229), on streptozotocin (STZ)-induced non-insulin-dependent diabetes mellitus (NIDDM) rats. The effects exerted by KAD-1229 on the post-prandial plasma glucose rise in STZ-induced mild NIDDM (mNIDDM) rats were different from those of sulfonylureas. When KAD-1229 with liquid meal (10 kcal/kg) was given to the mNIDDM rats, the plasma glucose migration was similar to that of normal healthy rats. On the contrary, glibenclamide had little or no effect on the plasma glucose rise 0.5-1 hr after oral adminis tration, and its effect was only evident 2-5 hr after dosing. Tolbutamide showed similar hypoglycemia to that induced by glibenclamide at 2-5 hr with insufficient efficacy at 0.5 hr. Gliclazide sufficiently sup pressed the level of post-prandial plasma glucose. However, its complete inhibition of post-prandial plasma glucose was associated with the extra-hypoglycemia 1-5 hr after oral administration. We also tested the efficacy of KAD-1229 in more severe STZ-induced NIDDM (sNIDDM) rats to elucidate the effects of the drug on the long-term glycemic controls and diabetic complications. When the sNIDDM rats were treated with 10 mg/kg KAD-1229 twice a day for about 17 weeks, increases in fasting plasma glucose and hemoglobin A1c were inhibited. Furthermore, treatment with KAD-1229 suppressed the development of microalbuminuria and cortical cataract. We conclude that the rapid-and short-acting insulinotropic agent KAD-1229 is able to improve the deterioration in the glycemic controls and inhibit the development of dia betic complications in STZ-induced NIDDM rats.
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Keywords: KAD-1229, Streptozotocin-induced non-insulin-dependent diabetes mellitus(NIDDM)rat, Hypoglycemic agent, Diabetic complication Sulfonylureas (SUs) have been used widely for the treatment of non-insulin-dependent diabetes mellitus (NIDDM) patients all over the world. Their efficacy in patients is now convincing and appreciated. However, their main drawback seems to be frequent manifestations of hypoglycemia, and some of them often cause severe, prolonged and even fatal hypoglycemic episodes (1-4). These SU-induced hypoglycemic adverse effects occur more often in elderly patients or in those with renal in sufficiencies or other underlying illness where food intake is transiently reduced. It is generally accepted that a shorter-acting hypoglycemic agent should be prescribed to patients who have a risk of hypoglycemia (5) . In addi tion to the short duration of action, rapid onset of effi cacy is also important. It is known that in patients with mild NIDDM (mNIDDM), the basal insulin secretion is fairly normal, while the post-prandial insulin secretion is im paired (6) . Retardation and insufficiency of post-prandial insulin secretion are characteristics of this disorder (6) . Therefore, a rapid and short-acting insulinotropic agent will be expected to improve both the retardation and the insufficiency of insulin secretion in NIDDM subjects with less anticipated hypoglycemia. insulinotropic hypoglycemic agents, A-4166 (7) and KAD-1229 (8), have been developed, and they are presently in clinical trials. Both agents are reported to act more rapidly with a shorter duration of effect than any other SUs in normal fasting or glucose loaded rats and fasting beagle dogs. They are also reported to inhibit the ATP-sensitive potassium channel in pancreatic 3-cells as well as SUs (9, 10). In the present study, we examined the acute and chronic effects of KAD-1229 in streptozotocin (STZ)-induced NIDDM rats.
Estimation of the acute and chronic effects of the hypoglycemic agents in the NIDDM animal model is an important theme for the development of anti-diabetic drugs.
Especially, the effect of insulinotropic hypoglycemic agent on diabetic complications in NIDDM animal models has not been established. Serradas 
MATERIALS AND METHODS
The meal tolerance test in the mNIDDM rats
For the single oral administration experiment, 3-day old neonates of Sprague Dawley (SD) rats (SLC, Shizu oka) were given 60 mg/kg STZ intraperitoneally to produce comparatively mNIDDM rats. They were divid ed into groups by an oral glucose tolerance test (OGTT, 2 g/kg) at 5 weeks of age. The mNIDDM rats were housed in a condition-controlled room, and the liquid meal tolerance test was conducted at 11-13 weeks of age. The liquid meal (% in w/v: 11.6 sucrose, 4.1 casein, 2.85 olive oil, 0.85 corn oil, 1.0 salt mixture, 0.5 vitamin mixture, 0.27 ethyl linoleate, 0.25 sodium carragheenate, 0.003 DL-a-tocopherol acetate, 0.05 L-cystine and 0.03 DL methionine; 10 kcal/kg; Oriental Yeast, Tokyo) with hypoglycemic drugs or vehicle (0.5% carboxymethyl cel lulose) was administered to the mNIDDM rats at time zero. Blood was collected into ice-cold heparinized microtubes by the tail artery snipping following the time course. In this meal tolerance test, when a drug treatment induced lower plasma glucose than that of normal rats, we regarded this as unwanted hypoglycemia. Plasma glu cose was determined by the glucose oxidase method using a commercial kit (Wako, Osaka). For the plasma insulin and glucagon determinations, blood was collected into an ice-cold tube containing heparin (30 U/tube; Kodama, Tokyo) and aprotinine (500 KIU/ml blood, bovine lung; Cosmo Bio, Tokyo) by decapitation. Plasma immuno reactive insulin (IRI) was determined by a commercial radioimmunoassay (RIA) kit (Eiken, Tokyo) using rat insulin (Novo, Denmark) as a standard. Plasma im munoreactive glucagon (IRG) was also determined by a commercial kit (Daiichi Radioisotope, Tokyo) using pork glucagon as a standard (13).
The chronic administration test in the sNIDDM rats STZ (60 mg/kg) was injected into 6-day-old male SD rats to produce severe NIDDM (sNIDDM) animal models that develop diabetic complications within a short term. At 5 weeks of age, they were divided into groups by the OGTT (2 g/kg). After checking pre-treatment HbA1c levels of the sNIDDM rats by an affinity column method (Glyc-Affin-GHbTM; Seikagaku Corp., Tokyo) (14), repeated drug administration was initiated. KAD-1229 (10 mg/kg) was administered to the sNIDDM rats twice a day at 8-10 a.m. and 5-7 p.m. Pelleted rat chow (11 g/body/once, SLC) was given to the rats immediately after drug administration.
The sNIDDM rats finished the chow within 2-3 hr. Changes in HbA1c and fasting plasma glucose were checked periodically.
Microalbuminuria determination
The urine from the sNIDDM rats was collected at 21 weeks of age, and an enzyme-linked immunosorbent assay (ELISA) was done as follows: A 96-well, multi-well plate was coated with goat anti-rat albumin antibody (Organon, Durham, NC, USA) by overnight incubation at 41C. The plate was washed with phosphate-buffered saline (PBS) containing 0.05% Tween 20 and then blocked with PBS containing 10%10 goat serum for 1 hr. Standard (rat albumin, Organon) and test samples were applied to the well and incubated for 1 hr at room tem perature. After washing three times with PBS containing Tween 20, peroxidase labeled goat anti-rat albumin IgG (Organon) was added to each well and incubated for 1 hr at room temperature. Color development was conducted by a peroxidase color former kit (SumironTM; Sumitomo, Tokyo), and the absorbance at 450 nm was measured.
Creatinine concentrations in the urine were determined by an automatic analyzer (RA-1000; Technicon, Tokyo) (15) .
Histopathological analyses
At 24 weeks of age, the rats were sacrificed. After whole blood collection from the abdominal aorta under ether anesthesia, an eyeball, the kidney and the pancreas were removed from each rat. Eyes were preserved in Davidson's fixative, and the kidneys and halves of the pancreas were preserved in buffered 10010 formalin. These tissues were embedded in paraffin wax, and sections cut at 3-4 pm were stained with hematoxylin and eosin for histopathological examination. The sections of kidneys were stained with Masson trichrome stain. Histopatho logical findings were classified into four grades: no remarkable change (0), slight change (1), moderate change (2) and severe change (3).
Determination of pancreatic insulin and glucagon content
A half of each pancreas was dipped in the ice-cold acid ethanol extraction buffer (0.15 M HCl, 75010 (v/v) EtOH) for the determination of insulin and glucagon content. The half of the pancreas was minced by a disperser (Ultra DisperserTM; Yamato, Tokyo), and homogenized by a teflon homogenizer with 5 strokes. The homogenized tis sue was extracted overnight at 4C, centrifuged at 3000 rpm for 30 min, and the supernatant was collected. The pellet was homogenized and extracted overnight another 2 times. The combined supernatants was diluted 200-fold and then subjected to RIA for insulin and glucagon de termination. (10 kcal/kg) were administered to the mNIDDM rats, dose-dependent hypoglycemic effects were observed (Fig.  la) . KAD-1229, 1 and 3 mg/kg, exerted its effects 0.5-2 hr after oral administration, and there were no effects 3 5 hr after dosing. It is noteworthy that these doses exerted sufficient suppression of post-prandial plasma glucose rise, and never lowered plasma glucose below the levels in normal rats (Fig. le) . KAD-1229 at 10 mg/kg showed more prolonged reduction of plasma glucose, lasting up to 5 hr after oral administration. However, its effect was not significant 5 hr after dosing when compared with the normal rats. In the case of gliclazide, the dose of 1 mg/kg could not inhibit the enhancement of plasma glucose 0.5 hr after administration, and a significant hypoglycemia was observed at 2 hr after dosing (Fig. 1b) . Although 3 or 10 mg/kg gliclazide showed sufficient reduction of post-prandial plasma glucose, adverse hypoglycemic effects were also observed at several time points during 5 hr after oral administration. On the other hand, glibenclamide (1, 3 and 10 mg/kg) and tolbutamide (3, 10 and 100 mg/kg) showed marginal effects on the im mediate increase in plasma glucose after dosing (Fig. 1: c  and d) . Instead, 2 5 hr after oral administration of these drugs, the plasma glucose in the mNIDDM rats was significantly lower than that of the normal rats. In this experiment, differential effects of insulinotropic hypo glycemic agents in the mNIDDM rats were revealed (Fig. le) .
Effect of KAD-1229 on plasma insulin and glucagon in the mNIDDM rats Next we investigated the effects of KAD-1229 on plas ma insulin and glucagon levels in the mNIDDM rats (Fig.  2) . When the liquid meal (10 kcal/kg) was administered to the mNIDDM rats, a significant enhancement of plasma insulin levels was observed at 0.5 hr after dosing, and no change in plasma glucagon level was observed. When 3 mg/kg KAD-1229 with the liquid meal was administered, super-impositions of plasma insulin were observed in the mNIDDM rats at 0.5 and 1 hr after oral administration. This insulinotropic effect of KAD-1229 was most evident at 0.5 hr after dosing. Plasma glucagon levels were un changed.
Therapeutic effect of KAD-1229 on the glycemic control and diabetic complications in the sNIDDM rats
The mNIDDM rats described above showed neither an increase in HbA1 nor development of diabetic complica The difference from the control mNIDDM rats is shown on the left of the oblique line, and that from the normal rats is shown on the right. + and + + indicate a significantly higher value than the control with P<0.05 and P<0.01, respectively. and -indicate a significantly lower value with P<0.05 and P<0.01, respectively. The square indicates the ideal plasma glucose level, and the shaded square shows a lower value than that of the nor mal rats (hypoglycemia). ns: not significant. Data were analyzed by ANOVA followed by Duncan's multiple comparison test.
tions during 6 months after birth (data not shown). Therefore, we produced the more severe NIDDM (sNIDDM) rat model to evaluate the long-term efficacy of KAD-1229. Intraperitoneal injection of 60 mg/kg STZ to 6-day-old SD rat neonates induced more severely im paired glucose tolerance in the SD rats at 5 weeks of age (data not shown). In the preliminary experiment using the sNIDDM rats at 16-18 weeks of age, 10 mg/kg KAD 1229 exerted a significant hypoglycemic effect on the fast ing plasma glucose, while 3 mg/kg KAD-1229 failed to lower the plasma glucose (data not shown). Severe NIDDM rats were less sensitive to the agent than mNIDDM rats were. Therefore, we used the dose of 10 mg/kg KAD-1229 for the chronic administration test. (I ) was also shown. KAD-1229 (10 mg/kg) was administered to sNIDDM rats twice a day just before feeding. Blood samples for the fasting plasma glucose and HbAlc were collected from the tail vein using a 26-gauge needle. The fasting plasma glucose in the drug treated group at 5 weeks of age was significantly higher than that in the control sNIDDM rats. Data are expressed as means±S.E. * and ***: significant difference from the control with P<0 .05 and P<0.001, respectively, by Student's t-test. (sNIDDM rats: n=8, normal rats: n=9-10).
At the time of grouping (at 5 weeks of age), the sNIDDM rats showed normal fasting plasma glucose, like the mNIDDM rats (Fig. 3a) . Fasting plasma glucose in the sNIDDM rats became dramatically elevated by 9 weeks age. HbAI, in the 5-week-old sNIDDM rats was significantly higher than that in the normal rats, but was still at a very low level (Fig. 3b) . HbAIc in the control sNIDDM rats increased and reached a plateau of around 12°10 at 13 weeks of age, while that in the normal rats also increased but was below 5%. Chronic treatment by 10 mg/kg KAD-1229 suppressed the increase in HbAIc in the sNIDDM rats, and its effect was significant at 13 and 16 weeks of age (Fig. 3b) .
At 21 weeks of age, albumin concentrations in the urine collected from the sNIDDM rats were determined by ELISA (Fig. 4) . The sNIDDM rats treated with the vehicle showed significantly larger albumin leakage com pared with the normal rats. This pre-nephropathy symp tom in sNIDDM rats was confirmed by the histopatho logical analyses. All sNIDDM rats used in this study showed mild thickening of the mesangial basement mem brane ( Table 1 ). The sNIDDM rats treated with KAD 1229 showed reduction of microalbuminuria, although its effect was not significant (Fig. 4) . Fig. 4 . Effects of chronic treatment with KAD-1229 on the al buminuria in sNIDDM rats. At 21 weeks of age, sNIDDM rats were fasted for about 13 hr, and the urine was collected from 13:00 through 17:00. Creatinine concentration in the urine was determined by the autoanalyzer, and albumin concentration was determined by ELISA as described in Materials and Methods. Data are expressed as means±S.E. (n=8-9). *: significant difference from the control with P <0.05. The histopathological findings in each group are sum marized in Table 1 . Almost all animals in the control sNIDDM rats developed severe cataract, whereas the drug treated sNIDDM rats showed significant improvement (Table 1, Fig. 5 ). As anticipated, atrophy of pancreatic islets was observed in the sNIDDM rats, and these islets showed hyaline degeneration. In kidneys, a nephroblas toma was observed in a few animals in addition to thick ening of the glomerular basement membrane ( Table 1) .
The pancreatic insulin content in sNIDDM rats was about one-twentieth that of normal rats (Fig. 6a) . The insulin content was not affected by the treatment with KAD-1229. The glucagon content of the pancreas was not changed between the control sNIDDM rats and the nor mal rats, and no effect of the drug on pancreatic glucagon content was observed (Fig. 6b) . DISCUSSION We have previously reported that KAD-1229 normal ized the impaired glucose tolerance in the oral glucose tolerance test (2 g/kg) using the mildest STZ-induced NIDDM rats which received 30 mg/kg STZ at 1.5 days of age (16) . In the report, we showed that KAD-1229 nor malized the impaired glucose tolerance in rats injected with 30 mg/kg STZ, but not in rats injected with 60 mg/kg STZ at 1.5 days after birth (16) . However, we no ticed that the oral glucose route provokes a more rapid and higher plasma glucose rise than food intake does. Thus, using the liquid meal, we clarified the differential effect of oral hypoglycemic agents in mNIDDM rats that received 60 mg/kg STZ at 3 days of age. KAD-1229 acted more rapidly and had a shorter duration than SUs did in the mNIDDM rats. While glibenclamide and tolbutamide failed to inhibit the post-prandial plasma glucose rise, KAD-1229 suppressed the post-prandial plasma glucose rise efficiently without extra hypoglycemia owing to its rapid onset and short duration of efficacy. In these ex periments, we regarded the lower plasma glucose of mNIDDM rats, relative to that of normal rats, as un necessary hypoglycemia. When a drug induced a small amount of hypoglycemia, it will increase the risk of severe hypoglycemia which can be induced by some additional factors (i.e., exercise, alcohol intake and so forth). Therefore, the most rapid and shortest-acting KAD-1229 among the reported hypoglycemic agents (8) is considered to be useful, especially for inhibiting post-prandial plas ma glucose rise without extra hypoglycemia. This rapid and short action of KAD-1229 is due to its rapid adsorp tion and excretion (17) , and it will provide an alternative choice for the optimal glycemic control in the treatment of NIDDM subjects.
We also demonstrated the insulinotropic effect of KAD-1229 in the mNIDDM rat model. KAD-1229 showed no effect on the plasma glucagon content, although we observed its inhibitory effect on glucagon re lease induced by the hypoglycemia in the perfused pan creas of the rat (18) . It is probable that KAD-1229 inhibits glucagon release only when it was stimulated. Thus, the inhibitory effect of KAD-1229 on post-prandial plasma glucose rise in mNIDDM rats was thought to be ascribed to the additional insulin release by the drug. We produced sNIDDM rats associated with severely degenerated ;3-cells, to elucidate the long-term efficacy of KAD-1229. At 5 weeks of age when OGTT for grouping was done, the sNIDDM rats showed normal fasting plas ma glucose values. This might reflect some recovery of 3 cell mass as described previously (19) and indicate that the pancreatic function in the sNIDDM rats was sub-normal The rats were sacrificed at 24 weeks of age, and the pancreatic insulin and glucagon was extracted by the acid-ethanol method as described in Materials and Methods. Immunoreactive insulin (IRI) and glucagon (IRG) were determined by commercial kits. Data are expressed as means±S.E. (n=8-9). ***: significant difference from the control with P<0.001.
at that age. However, the glycemic control in the sNIDDM rats was abruptly deteriorated within an addi tional four weeks. In the repeated administration test of KAD-1229, it exerted suppressive effects on HbA1 and the fasting plasma glucose in the sNIDDM rats. Further more, the chronic treatment by KAD-1229 improved the cortical cataract and microalbuminuria.
These efficacies were all thought to be ascribed to the insulinotropic hypoglycemic effect of KAD-1229 as no extrapancreatic effect for this drug was reported so far. Serradas et al. reported that rats that received 80 mg/kg STZ at 5 days of age could be both responsive and non-responsive to the gliclazide (11). They demonstrated the long-term efficacy of gliclazide in the responsive rats. We did not distinguish the responsive sNIDDM rats from the non-responsive ones. However, the effect of KAD-1229 on the glycemic control animals and diabetic complications showed large deviations (Figs. 3 and 4, Table 1 ), and this may be ex plained by the presence of non-responsive sNIDDM rats as previously reported (11).
In conclusion, we demonstrated the short and long term efficacy of KAD-1229 in STZ-induced NIDDM rats. In the single administration experiment, we showed the differential effect of oral hypoglycemic agents. In the repeated administration experiment, we demonstrated the suppressive effect of KAD-1229 on the development of diabetic complications. In addition, the severe NIDDM rats induced by the neonatal injection of STZ was shown to be a useful animal model to estimate drug efficacies and also to be valid for studying the etiology of diabetic com plications.
